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Abstract

In an effort to provide atimely and reasonablyaccurate methodology for
determiningC-130 intratheateairlift requirements, this researcbncentrated on a rough-
cut capacity approach using a straight forward linear programming spreadsheet model. To
provide more detailed analysis, a more sophisticated linear program was investigated.

Specifically, the spreadsheehodel calculatedhe minimum number of C-130s
required to carry required @, passengeand aeromedical loads based on user-defined
daily requirements. For agiven scenario, inputs includbe daily requirements and the
expected capacity for C-130 aircraftycks, and 22-car trainsincluded in thecapacity
inputs are thenumber of daily cycles ortrips expected from &aiven mode of
transportation. Thenodel is automatically formulated based on these inputs and is solved
using a spreadsheet solver. Graphical resutssprovided. This spreadsheet model is
analyzedfor a 20day period, butany planninghorizon can be used wittmodifications.
Since the spreadsheet doe®t perform a parametri@nalysis,the data used in the
spreadsheet formulation was input into the LINDO solver in order to perform a parametric

analysis. The parametric analysis was then imported into a spreadsheet and graphed.
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l. Introduction

1.1. General Issues

The Air Forcefaces a decision to replace its aging fleetCel30 “E” model
aircraft with new C-130 “H2” andJ” models, institute servicéife extension programs
(SLEP) for the E models, or some combination djoth the previous options.
Consequently, questions concerning the appropfieét sizefor the C-130 arebeing
revisited. An overall requirements study will recommehé number of replacement
aircraft the Air Force shouldprocure based on total requiredfleet size capable of
meeting future contingenciesAir Combat Command (ACC) currently haesponsibility
for managingthe C-130fleet and ensuring this fleet h#se capability of handling any
contingency requiring intratheatairlift. The motivation for this thesis centenround the
recent Department of Defense (DOD) policy to structure military forces to respond to two
major regional contingencies (MRG)multaneously. A classified Guivar Air Power
Study addressed the “western” MRC, but possessesxtemsive analysigor the
“eastern” MRC. In this light, HQ ACC needs amalysis ofthe “eastern” front to
complete its C-130 requirements study. Based on the current world situatson,
translates to an examination of a Korean scenario. (Stieven, 1995)

An idea ofthe organization andhission ofintratheater forces can be found in Air
Force Doctrine Document 3@hich addresseairlift operations. The tasks of intratheater

airlift are described as follows:



* Deploy and redeploy forces within the AOR (Area of Responsibility).

* Sustain deployed forces (both routine and combat sustainment).

* Deliver combat forces directly into battle.

* Force extraction from a combat environment.

* Conduct aeromedical evacuation operations.

* Augment strategic airlift forces when required.

* Perform non-lethal air power tasks such as foreign humanitarian assistance,

leaflet drops, aerial spray, and fire fighting.

The use of intratheataairlift was instrumental in executindpe wde flanking
maneuver intolrag during the Gulf War. This operation highlighted someprimary
characteristics of intratheatarrlift, such as a quickeactioncapability andhe ability to
operate from auster@and unimprovedanding zones(like sections of highway) (AFDD
30, 1995:18).

A review of several relativelyecent historicalexamples illustratehe possible
range in thesize of potential deploymentsvolving C-130 type aircraft. In Operation
Desert Shield/Storm, th&ir Forceflew 46,500 intratheater sorties thabved 209,000
passengers and 300,0@Ms ofsupplies. More than 145 C-13@ircraft were deployed in
support of the operation.Theseairlift assetsprovided logisticalsupport,aeromedical
evacuation of the wounded, aruhttlefield mobility during the groundcampaign.
Approximately 500 sorties perday were flown during the ground campaign
(Airpower,1991). Althoughot used to capacity, 11,250 patient beds wes@blished

through thedeployment of 15 air transportable hospitalatal patientvisits amounted to



48,000 during the span of Operation Desert Shield/Storm (Airpo@@t).1The amount
of personnel and materiel movedtlire first month ofthe deployment gives an idea of the
size ofthe initial deployment. Five fighter squamhs, an Airborné&Varning andControl
System (AWACS) contingent, angart of the 82nd Ablorne Infantry Divisionwere
airlifted into the theatewithin the first five days. Within 35 days, theAir Force had
deployed a fighter force intine Area of Operations (AO) that was t@merical equal of
the Iragiair force of 750 combat aircraft (Airpower, 1991). Auew ofthe Korean
order of battle for grounénd air assets shoulgive an indication ofthe size of any
deployment that must be handled by the Air Force intratheater network.

Recently,the USArmy madelll Corps (Fort Hood,Texas) responsibléor a
Korean conflict a®pposed to the | Corps. Thpgimary units to deploy fronhll Corps
would be the helicopter and artillery brigades according to one of the scenarios considered
by the Army. These units wouldupport troopsalready positioned ifKorea and were
chosen because thayerelatively easy to airlift whenompared to armored forces (Cole,
1996:386-7). The Assistant Secretary of Defege,EdwardWarner, stated that the
primary objective of US policy in the defensetloé Korearmpeninsula is to holthe city of
Seoul against Blorth Koreannvasion, drivethe opposing forcesut of friendly territory,
and ultimately achieve a decisivictory. He saidthe realchallengewas to move in
overwhelming airpower and “some land forces” (Warner, 1996).

Another recenexamplethat highlightsthe low end of gossible contingency size
can be found at thaerialport of Taszar, Hungary.This port operates ahe USArmy’'s

premier logistics staging area for personnel and equipment guoth to Bosia-



Herzegovina insupport of Operation Joint Endeavand theNorth Atlantic Treaty
Organization’s (NATO) ImplementatioRorce. Taszahas received more than 12,400
tons of cargoand 3,700 passengers from D&cember 1995 through Zanuary 1996.
This movement has consist@dimarily of US Army supportequipment andsehicles.
(Ryder, 1996)

These operations constitute our most recent historical database to draw upon when
conductingmobility requirements analysis.Our most recenexperience with combat
operations in Korea is, afourse, not recer(early 1950s). Only large scale exercises,
such as Exercise Team Spirit, give us an illustratiohoet military airlift operations in
that region would be conducted.

The primary source of aalytic results for ACC regardinthe issue of intratheater
airlift requirements ighe classified Mobility RequirementStudy (MRS) Vollll. The
MRS was conducted from991-1993. This study was based ooutputs from the
TACWAR and MIDAS models. It calculated specific vehicle fleet requirements based
on a statidist of airlift movement requirements or witime-phased force deployment
data (TPFDD). This data is translated intdaily tonnagenumbersonce units arrive in
theater. Thesystem combining TACWARand MIDAS is called SUMMIT and is a
simulation designedbr analysis of given fleesizes. The Studies amkhalysis Flight at
HQ ACC is concernedbout thevalue of analyzinghe outputfrom this study sincenany
of the processes and assumptions of the assoaratddisare currently unknown.They

desire a generic modtiat isreasonably simple to understaedsy toset up,andsimple



to run. Of course, thmodel mustcapture the relevant aspects of the intrathestkft

system in order to provide a useful answer. (Stieven, 1995)



1.2. Specific Problem

This research is guided Iblge primary assumptiothat the bestodel where the
processes aneadily comprehensible ammbrtrayed withsufficient accuracy ishrough a
deterministicapproach. In particular, this research assumdbat some amount of
aggregation can be obtained from tagorequirements as thegre currently formatted
in the time-phased foradeploymentdata. The TPFDD datzan then be used inlaear
program to optimally determinethe minimum required fleet to deliverthe cargo.
Obviously, some othe real world constraints on tlaglift system will not beexplicitly
accounted for by such an aggregatiorkor example, facility throughput, materiel
handling, and ramppace will be at best grossly modeled inraplicit manner. This can
only beaccounted for through thiténe dimension irthe approach outlined ihis thesis.
However, the simplification of optimally determining fleet size has an important benefit for
the analyst when compared teecent efforts at attempting this problem through
sophisticated simulatiompproaches. When the Joint Staff conducted theRevised
IntertheateMobility Studies (RIMS)they requirecover 400 runs of the MIDA®odel
between October 1986 argril 1989 inorder todetermine airliftrequirements. (Yang,

1995:4)



1.3. Definition of Research

The approach explores methods to captureintiwidual vehiclecapacity of an
intratheater transportation network ¢ptimize these fleets. Aasic linearprogram was
investigatedthat modeled cago, passengerand medical evacuation requirements as
resources (right hand sides).Vehicle capacitieswere modeled agechnological
coefficients (A matrix). Specifically,the research explored the use of a spreadsbbeir
(Microsoft EXCELL]) to calculate theminimum number of C-130s needed to carry
required cargo, passengegnd aeromedical loads based on user-defimzay
requirements. A methodology is desired where the user aelgdenter thedaily
requirements for cargo (ton-miles), passengers, and aeromedical loadgvEm acenario
and the expected capacity for C-130 aircraft, trucks, and 22-car trains. The user should be
able to individuallyenterdaily capacities for the respectivehicles,i.e., capacities can be
enteredday by day. Included ithe capacity inputare thenumber ofdaily cycles or trips
expected from aiven mode of transportation. Thaodel is automatically formulated
based on these inputs. The model is solved using a spreadsheet solver @sdlits are
provided in graphs.This spreadsheet model is formulated a 20day closure period
since a largeplanninghorizon exceeds theumber of variableshe solver carhandle.
For larger closure period$wo or more formulationsare entered and solved separately.
The model resultsvere verified by other solvers and used as inputs for a parametric

analysis.



Another approachnvolved a set-partitioning formulation of Korean airlift
network tomodelthe scenarioThis model optimally determinetie minimum number of
C-130s required for the scenario. The set-partitionnoglel was based ashetermining
the optimal number ofouteswhich satisfycargoand time window constraints imposed
upon the nodes (onload/offload locations) of the network. riibéel is based upon the
work found in the doctoral dissertation, “Netwofptimization with Time Window
Constrained Routing and Scheduling” by Fan Yang completeugust, 1995. A

summary of this research is found at Appendix A.

1.4. Research Questions

The primary research question asks, “Whattiee minimum number of C-130s
required to achieve a desired closure prdblea given set of forces, suppottnits, and
resupply in a Korean scenario?” A secondary research issue is, “Hothetonodes of
transport, i.e., trucland rail, affecthe C-130fleet size when thegre introduced into the
model?” Oneeason therimaryquestion igimely isthe type of currenmnodelsavailable
to airlift analysts irthe Air Force. Currenimodelsare based uposimulationsthat mimic
the movement of airliftand associatedargobased on certain rules. Thagcept data
based on dixed fleet sizeand address the questidiwyhat is the closureprofile for a
givenset of forces, suppounits, and resupply givenfied set of transportatioassets?”
(Yang, 1995:9)

The data set foexploring this research question is notional. The acat is
classified, so this thesis identifiesv@ethodology and modébr the user whaleals with

classified data.



1.5. Scope

An initial closure profilethat is ess than or equal to 20 days has been assumed. A
force closure estimate should be used based on the appropriate opptati¢@fLAN).
Thisforce closure estimate defined aghe amount of elapsdane fromthe departure of
the first aircraft from the load base to tireival ofthe last aircraft at theffload basehat
completes thedeployment ofthe initial combat force (USAF AMS, 1992:410-7).
Sustainment airlift can begibefore closure if the earliest units to arrive reqsiveh
support, buhormally sustainment missioase thought of abeginningafter closure. It is
assumedhat the peak C-130 usage occuithin the closuretime frame. It is further
assumedthat thetime windows andcargo requirements W be known prior to the
requirements study desired. Tboely cargo considered will be in the categoryboilk
cargoand oversize argo. Bulk cargo isanythingthat will fit on a standard 463lpallet
(88"x108”). Bulk cargofits on all types ofairlift aircraft. Oversizeeargo isany single
item thatwill not fit on a463L pallet and exceedie bulk dimensions listedbove, but
will fit on a C-130, C-141, or a C-5 aircraft. An example of oversize cargo wouldike a
passengetruck or aHMMWYV (Highly mobile militarywheeled vehicle). Outsizgargo
will not fit on a C-130 and is not considered here. An example of outsize cargo would be a
tank orheavy artillery(USAF AMS, 1992:402-2). These requirementsasgsumed to be
found in the TPFDD, which specifies the cargo and personnel requirement in the form of a
datafile. The TPFDD is generated with Joint Operatlanningand Execution System
software as part of thaeliberate planningrocess used ideveloping an OPLAN for a

specific theater orcontingency. These adassifieddocuments and form the “starting



point” when acrisis action team actually begins &xecute thedeployment ofmilitary
forces in a contingency avar (AFMAN 10-401, 1994) (USAF AMS,1992:405-1-405-
10). Theidea of uncertainty in thiprocess is conveyed liie well-known military
adage thatno OPLAN has ever survivecontact.” Sincethe TPFDD isour best guess
for the scale of a possible contingency, the model will accept data from the TPFDD.

This study is furthelimited to generation obutput datgor a capacitynodel and
a corresponding parametianalysis. A discussion of raore sophisticated approatiat
explicity modelsrouting withtime window constraints igresented, but no data fraims
model is analyzed.

Chapter Il outlines the literature review conducted tfos thesis andrimarily
concerns the exploration @€hiclerouting problems andxample formulations from the
academic community artle military community. Chapter llidescribegshe methodology
used to address the research questions discyssenbusly. Thischapter consists of
descriptions of a spreadsheet application and a parametligsisapproachusing a linear
program formulationthat allocatesvehicles based on their associated capacities and
specified transportation requirements. Chapter IV outlines a few examplestmstrate
the input andutput of themodel. Also includedre brief descriptions of thelata and
worksheeteemployed inthe analysis. An analysis of gotential scenario igiven at the
end of the chapter. Thimal chapter describethe assumptions andnitations of the

model and suggests further research.
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Il. Literature Review

The majority ofthe literature review concerneghicle routing problems, athis
studyinvolved an airliftnetwork. The spreadshemabdel presented iGhapter Il isbased
on a resources approach teehr programming andlas motivated bynodelingthe daily
requirements of airliftand theairlift capacity available to movthe daily requirements.
(Winston, 1994:71-112)This basic modelvas expanded to cover twenty periogith
each period representing a single day.

A basicrouting problem isasily stated as a set of nodasd arcghat must be
serviced by a fleet of vehicles. time basic problemthere are no restrictions on the order
or timing in whichthe nodes must be serviced. Tgreblem is toconstruct a low-cost,
feasibleset of routes. Eachkenhicle is assigned a singteute. A route isdefined as a
sequence of locatiorthat avehicle visitsand includeshe service it provides. The routing
of vehicles is primarily a spatigkoblem, since no temporal restricticex® placed on the
problem (Bodin,1983:79). Anexample of a basi®uting problem is shown in Figure II-
1. In this figure,the circles containing numbers aride rectanglesontainingdepots
represent the nodes of a network. Tines connecting the nodes are the arcs of the
network. The entire set of nodasd arcs igalled a graph. Thesacs can beaiven
direction, in which case the graph is called a di-graph. Figure 1l-1 does not

show any directional arcs (Bazaraa et. al.,1990:420).

11



Route 1: DepotA-1-9-8-Depot A
Route 2: Depot A-5-2-3 - Depot A
Route 3: DepotB-7-6-4 - Depot B

Figure 1I-1 lllustration of routes (Bodin, 1983:80)

A classicrouting problenthat demonstrates the mathematsaiplicity of stating
such problems, along with tlifficulties associated with their solutions, is theaveling
Salesman Problem (TSP)The TSP isbased upon a network of nodes, arcs, cvsts.
The graph could be named witie symbol “G”, where G 5N, A, C] and N represents
the set of nodes, A represents the set of ard,C represents tlset of costs foeach
arc. Thecost is either thelistance between a nodend nodg or the cost ofmoving
between these nodes and is represented witsythbol “G”.  The problem is tdind the
minimum cost route starting from a given node and enditiggasamenode,visiting each
other node in the grapinly once. It iscalled a Traveling Salesman Problem because the

problem can behought of as a salesman thatistvisit each ofthe cities in aset and

12



return tohis or her aty of origin. Obviously,the salesien will want to do this by
traveling a minimum distance or at minimum cost (Bodin, 1983:82).

The TSP is NP-completewhich meansthat analgorithm that solves such a
problem isnot likely to befound whose solution contains a numbeste#ps thatan be
described by a polynomial. All the algorithms that havebeen proposed encounter
problems withstorageand running time whensed for networks with more thabout
100 nodes. Proposed solution approaches are éeegistics, which give a feasible but
not necessarily optimaanswer, or algorithms/hich give exact optimal solutions. It is
only practical tofind anoptimal solution forsmall problems of less thahO0 nodes. One

formulation of the TSP is: (Bodin, 1983:82-83)

1 ifarci-j in the tour
Xij =
"= B otherwise.

G =+ofori=1,2,..,n; andi=j

Minimize G %;
1=1 =1
subject to
x, =b =1 (= 1,.,n (1)
1=1
X, =a =1 (= 1,..,n) (2)
=1
X=(x)0S (3)

Xj=0or1l ,j=1,...,n)

13



The symbol“S” represents aet thatprohibits the situation shown in ti@lowing figure

where subtours occur in the solution:

Constraint (1) makes sure each node hasaan going to it. Constrair{2) makes
sure each node has an arc leaving it. We can see thatwlesenstraints arsatisfied by
Figure 1I-2, but thisobviouslydoes nosatisfythe problem definition of visiting eachode
and returning to the starting node. Th#owing formulationsare threeways to ensure

subtours will not occur in the solution:

a) S={0%): z Z x; 21 for every nonempty proper subset Q of N};
™ ™

b) S={(x): z Z x; <|R -1 for every nonempty subset R of {2..3, ,}n}

IR J[R
C) S={(%): vi-y+tnx<n-1 for2<i#j<n for some reahumbers y. (Bodin,

1983:83-84)

Subtour 1 Subtour 2

Figure 11-2 Example of Subtours

A look at approaches tairplane scheduling givesne application of vehicle

routing problems. Federal Express Corporation was among the first company to use a

14



computerized procedure for aircraft fleet scheduling. (Bodin, 1983:156) A timetable is
changed everyour to five weeks to take into accoushanges in demand, new cities,
seasonalityfactors, and so forth. Anatrix is used to make inputs. The matixes the
estimated packageount between eacpair of cities and thicount is converted to a
percent of aircraft capacity. Each cityvisited once. A package leaves isigin via
aircraft, arrives at Memphis, Tennessee and is then delivered to its destination city via
aircraft. Time windowsspecifythe earliestime an aircraft can leave from a city of origin
and the latestime an aircraft can arrive at a destination with priodtye packages.
Constraintslimit the length of routesand thecapacity ofthe aircraft. Two routing
problemsare solved. Onproblem is for pickups anthe other is fodeliveries. (Bodin,
1983:156)

The algorithm used for the Federal Express Problem follows:
Assume we have N cities; cityhas a known demand for packagesh@; and aime
window given by [t, t. ] in which service is permitted.
Step 0: definition of the savingsThesavingsfor citiesi andj being onthe sameroute {
follows i): §=0y-d where ¢ is the travetime fromthe depot to city and ¢ is
the travel time from city to cityj. The savings are ordered”&s?> ...>s¥ >0,
Step 1:iteration step Suppose for the first S iterations we hayartial routes
R, Ry, ..., R A savings is then randomly selected by using a uniform distribfston
the nextt savings onthe list. This savings involveshe joining of the partialroute
beginning with city w to the partial route ending with aitylf the partial route

beginning with cityw can be feasibly attached to the partial route ending witlv ¢itgn
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this attachment is maderming a new and longer parti@ute. Feasibility meanshat all
time windowsare satisfied, vehicle capacity (terms of package count) mot exceeded,
and thelength ofthetour is nottoo long. Thisstep is repeatedntil the fleet size is met
or all savings are exhausted.
Step 2: merge step The new solution is merged into the present best known solution
using the merge routinavhich uses an input of get of feasible solutions. THest
solution found is callethe incumbent solution. As subsequent solutians foundthey
are compared to theacumbent to determine if @duced costomposite solution can be
found. The rows of thewvo problems represetite legs of arouteand thecolumns of the
problems are the pairings from the two solutions.
Step 3: Steps 0, And 2 are repeatadhtil a satisfactory solution ®und. (Bodin,
1983:167)

In response to a Congressionally Manda¥bility RequirementsStudy (MRS),
a method was developed in 1991 determinethe properlevel and mix of lift assets
necessary tgupport US power projectiameeds into th@1st century. The method used
two linear program (LP)models. The first model was a multi-commodigtwork flow
model based on scenario specific requirements to move units and their personnel and
equipment. The second modeinimized late delivery irorder toassess thampact of a
fixed but inadequatenobility mix. The method wasalled the Mobility Optimization
Model (MOM) (Wing, 1991:1). The first model will be summarized here.

This method assumesdelivery schedule, aet ofunits to be movedift asset

capacities, and cycle times of each asset. It determines the minimum cost mix of lift
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assets thawvill close a force on time. The problem is constrainethbyavailableload
dates (ALDs) and the requiredklivery dates (RDDs) of the units to be moved. It is
further constrained by throughput capabilities in the theater, a sustainment build-up
policy in theater, and amitial inventory of lift assets. (Wingl1991:3-4) Note: Cycle
time is defined athe time that alift asset requires to load, transit to the theaté#igad,
and return to the US for its nepibssible assignment. (Win§991:5) All US bases were
aggregated into a single source node ahterminaldestinations were aggregated into a
single sinknode. (Wing, 1991:6) Aflow constraint used in this formulation ggven in
Chapter V and an interesting objective function coefficent is formulated as follows:
Annualized life cycle costs were determined for all lift assets with the equation:

PROCOST )j+ OPCOST)# E LIPE)]

b() = E(LIFE)(j)

)

D(j) = annualized life cycle cost for lift asset |

PROCOST(j) = procurement cost for lift asset |

OPCOST(j) = annual operating cost of lift asset |

E(LIFE)(j) = expected life of lift asset |
The annualizedife cycle costcoefficient allowedhe user to compare the costs hew,

used, and leased lift options. The objective function equation is:

MinZ = D(j)* Z NM( j, k) +(PC* PREP® 2)

* D()) = cost coefficient as calculated in equation (1)
* PC = Prepositioning cost factor

*  PREPO = Number of ships required for prepositioning
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*  NM(j,k) = NEW(j,k) or new assets (j) required by the model. (Wing, 1991:14)
Another very promising approach came from a dissertation by Dr. Edward F. Yang
of Washington University, Saint Louis, Missouri. Thwerk described a newnobility
analysis model calledNETO that wasformulated to addres$mitations of models
currently used byAir Mobility Command in airlift analysis. The model consisted of a
network optimization engine with time window constrainemliting andschedulingthat
was based on an integer and combinatorial optimization methodology. The optimization
engine is formulated as a Pickup dbélivery VehicleRouting and Scheduling Problem
with Time-Window Constraints(PDPTW) which is solved by a set-partitioning
formulation, column generation and colureiimination algorithm(SP-CGCE). The
subproblem of the column generation is a Constra8texttest PatRProblem with pairing,
precedence, capacity, and time window constrawtgch is solved bydynamic

programming. (Yang, 1995:1-143)
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[l Methodology

Sincethe ACC Studies andinalysis Flightconducts asignificant portion of its
analyses using “quiclook” approaches, a spreadshewidel was investigatetthat was
easy toset upand generatediser-friendly output. Another desirable feature dhis
methodology was a “look througlidgic wherethe decision maker couldasilyfollow the
logic and processesvolved in the model andanalysis. (Stieven, 1995) Microsoft
EXCELO was chosesince AirCombat Command analysisefamiliar with this software
and it is relatively easy tgraph outputs from &olver solution. Unfortunately, the
tradeoff for simplicity is a lack of sophistication in the model. The capacity approach does
not consider theproblem of routingvehiclesand terminalfacility capacities. Elements
such as service times tite onload omoffload locations and parking ramp spae not
explicitly modeled. Routing oindividual aircraft and thescheduling of aircreware not
directly modeled with thispproach eitherSince this is a linear programmiagproach,
more decisionvariables and newconstraints could be formulated to address the
aforementioned limitationswhile not permitting violation of the new constraints.
However,this would makehe problem prohibitively large antbo complexfor a quick
look study. These issues are discussed further in Chapter V.

It is important to note that the total cargo, passenged aeromedical
requirements should be viewed as “chalks”. A chalk isAd8y terminology for a load
of unit cargoand personnelhat is planned to fit onone airlift mission. A USArmy

planner would ultimately determine how many and what type of chalks are required to
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move a unit in a contingency. For example, the planner may determine his/her unit
requires forty C-130 chalks, twelve C-141 chalks, and tBx&echalks to deploy.This
view of a chalk begins with dividing up unit equipment and personnel to fit load plans for a
particular aircraft. ArAir Forceplanner wouldview chalks interms of weightsince it is
convenient to think of airlift capacities terms of weight. If the totalequirement of
cargo tonnage over 2fays is112,500,000 pounds, we coud/ide this into chalkshat
would fit a particular vehicle. 1bur vehicle is aC-130 with a capacity dt5,000 pounds,
we coulddivide our chalks into25,000 poundncrements and this wouldeld atotal of
4,500chalks. This translates inttow many C-130s would be needed to moak the
chalks ofcargo for the entire 2@ays if eachC-130made onlyone sortie in the entire
planninghorizon. Obviously, amore refined answer would bdivide these chalks into
daily requirements; otherwise, a possible solution would be tal &€ aircraft tahaul
everything inone day. The linear program wileally divide the chalks among the
various modes of travehat aremodeled and divide them among eachthed 20days
according to theapacity of each vehiclexpected on a particular day. It should also be
noted that thé‘chalk” conceptassumes completdivisibility of the loads, a condition
which does not alwaysiold. It therefore understateghicle requirements as some
fractional loads must be flowrF-or instance, USArmy planners woulglan actuathalks
for their unit equipment and personrteiat may not completely useall the available
capacity of a given vehicle.

Another aspechot explicity modeled ighe physical airliftnetwork. This would

be a detailed list of airbases and thelaracteristcs, such as ramp space, onload and
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offload capability, and maintenancaes ofservicing aircraft. The physical airliftnetwork
constrains thenumber of aircrafthat can be handled any one time, i.e., therare a
limited number of possible drases to handle aircraft and each base tastad amount

of parking space anchrgohandling ability. Inaddition, plannerput availabledates and
desired delivery dates on cargo and personnel they want moved during the development of
the TPFDD. (AFM 10-401, 1994) This translates into a distributed demand for airlift over
time. Therewill be surge periods and slack periods based on whateNitary needs for
cargoand personnel, i.emilitary capability,were foreseemvhenthe planners developed

the TPFDD. A sobering commeniat aptly demonstrateshe potentialproblem of
neglecting thisaspect of thegroblem came fronDr. Abbe of the USArmy Concepts
Analysis Agency inher GDAS study, “What wilNOT improve the deployment: (1)
Adding more vehicleswithout matchingbuild-up of facility capability[and] (2) Using
alternate air andgeaports withouexpansion othe supporting roaénd rail facilities.”
(Abbe, 1995:15)

This approach to the quick look study is onedafly vehiclecapacity versusaily
transportation requirements. The user musalile to “breakout” the requirementslata
from the time-phased foraeploymendata (TPFDD). The spreadsheet requihed the
first twenty days of requirements be broken icéngo tonnage petay, passenger counts
per day, ancheromedical evacuation patiesdunts per day. This information can be
obtained fronthe classifiedTPFDD document and brokexut with various sorting codes
available atthe Air Mobility Command. (Shirley1995) The input page alsdlows the

user to determinthe capacities for C-130 aircrafitucks, andseveral trairnvehicletypes.
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In addition, thecapacity is multiplied byhe number of trips ¥pected from a particular
vehiclefor total daily capacity. Theairlift requirementsarelinked to the right-hand-sides
of a linear program formulation andhe capacities ardinked to the A matrix of
coefficients in the linear program. It should be noted that ton-miles are used as the unit of
measure for theargorequirements in the studyThis is a common metrigsed inairlift
capability analysignd helpsapture theoverall distancdactor. Iftwo scenarios use the
sameexact amount of cargo in tons, but atemands airlift travebver an average of one
hundredmiles whilethe otherrequires travel of an average of three thousauids to
movethe cargo, thensing only aonnagdigure wouldnot distinguishthe scenarios. An
example is the Congressionally Mandated Mobility Study of 1983 that arrived at a goal for
all US airlift capability of 66 million ton-miles (mtm). (USAF AMS, 1992:430-1)

The number ofvehiclesused to meet th@verall move requirementécargo,
passengers, and aeromedical patients) is representih@ ispreadsheenodel by the
variables X1Ct, X1P_t, XIM_t, X2C t, X2P_t, X2M_t, X3C_t, X3P._t, and X3Mt .
ThevariableX1C t is thenumber ofC-130s used odayt to transport cargo or it could
be any generic airlifter, dependingpon thecapacity entered othe input page of the
spreadsheet (see Figure IV-1). The variable X2Cthe number of trucks used dayt
to transport cargand thevariableX3C _t is thenumber of22-car trains used otayt to
transport cargo. Theapacity of each vehicle, to haulcargo is represented by the
coefficient &c. The capacity of each vehicle,to haul passengersrspresented by the
coefficient @. The capacity of eackehicle,i, to haul aecromedic4C-130 aircraft) or

medical evacuation patients (trucks and rail vehicles) is represented by the coeffigient a
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Variables:

The basic formulation is given below and in Figure 1lI-1.

X1Ct  Number of C-130s or generic airlifter required ontdagpded
with cargo.

X1Pt Number of C-130s or generic airlifter required ondagded with
passengers.

X1IMt  Number of C-130s or generic airlifter required on tlaaded with
casualties.

X2Ct.  Number of trucks required on dilpaded with cargo.

X2Pt_ Number of trucks required on dalpaded with passengers.

X2Mt  Number of trucks required on dapaded with casualties.

X3Ct_  Number of 22-car trains required on déyaded with cargo.

X3Pt Number of 22-car trains required on déyaded with passengers.

X3Mt  Number of 22-car trains required on déyaded with casualties.

t=1,...,n
Xp Maximum number of airlift aircraft used in the planning period.
Xt Maximum number of trucks used in the planning period.
Xr Maximum number of 22-car trains used in the planning period.
W, The objective function coefficient for Xp. This can be varied to

indicate the subjective priority of the airlift mode of transportation
in relation to other modes of transport. In other words, this is the

weighting factor for planes.
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W The objective function coefficient for Xt. This can be varied to
indicate the subjective priority of the truck mode of transportation
in relation to the other modes of transport.

W The objective coefficient for Xr. This can be varied to indicate the
subjective priority of the rail mode of transportation in relation to
the other modes of transport.

Constraint number (1) in Figure 1llI-1 on page 26 ensures that the cargo
requirement is met. This means that enough vehicles must be assigned with sufficient
capacity to move the required cargo for a given day using the following formulation:

a1c(X1C_t) + ape(X2C_t) + apg(X3C_t) 2be; t=1,...,n
This formulationwill form n rows where eachow indicates a day’sargoactivity. A
single row orconstraint from this formulation isalled a “dayt cargo” constraint. Each
row will have threenonzerocoefficientsthat represenpossible transportation via airlift,
truck, and/or rail. The total amount of cargo (in ton-miles) that must be movedina
dayt is represented by the right-hasmle value ofy. Forexample, b = 741,255
would indicate that oday oneof the deployment, 741,286n-miles ofcargo must be
delivered withinthe theater. Thsymbol “a..)’ represents an A matrisoefficient and is
the capacity of a C-13@ssigned to carrgargo ondayt. The subscript indicateswhich
day’s requirementarebeing moved anthe subscript (1cnhdicates whichype ofvehicle
is movingthe cargo. Foexample, ai¢ = 13,500indicatesthat thecapacity ofvehicle
type one (C-13@irlift) on dayone is 13,50@on-miles. Likewise, g = 3,240indicates

that the capacity of vehicletype two (trucks) onday one is 3,240ton-miles. The
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coefficients and right-hand-sidere loaded into théormulation from an input el as
shown in Figure IV-1.

Constraint number (2) in Figure llI-1 ensures that the passenger requirement is
met. This means that enough vehicles must be assigned with sufficient capacity to move
the required passengers for a given day using the following formulation:

aap(X1P_t) + app(X2P_t) + a@ep(X3P_t) 2 by, t=1,...,n
This constraint seélso consists ofi rows. A single row fronthis formulation is called a
“day t passenger” constraint. The A matdgefficientsare similarly expressed, except
that thenumbernow represents &ehicle’s capacity to movpassengers. Likewise, the
right-hand side in constraint (2, is now thenumber of passengettsatmust be moved
on dayt.

Constraint number (3) in Figure llI-1 ensures that the aeromedical patient
requirement is met. This means that enough vehicles must be assigned with sufficient
capacity to move the expected aeromedical patient requirement for a given. The
constraint’s formulation is:

aam(X1IM_t) + apm(X2M_t) + agm(X3M_t) =2 bm; t=1,...,n
This formulation also forma rows in the Amatrix andthe coefficientsnow represent a
vehicle’s capacity to move casualtiasd the right-hand-side is the expecteanber of
casualties for a given day that must be moved.

Constraint numbe(4) uses the Xpvariable as a means to firthe maximum

number ofC-130s used aany given timefor all of the periodgnvolved inthe model's
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planninghorizon,which isset by“n”. Thus, constrain{4) will form n total constraints,
one for each day:

XICt+ X1IPt+X1IM t <Xp; t=1,...,n
As an example, ithe variable Xp =50, then the greatesiumber ofC-130s that are
scheduled foany day inthe period of n days is fifty. So, for eachday inthe scenario,
fifty or less C-130s were used.

Constraints (5and(6) areidentical inconcept andormulation to constrain{4),
except that constraint (tises thevariableset associatedith trucks and constraint (6)
uses thevariableset associatedith trains,yielding the maximumnumber oftrucks and
trains used, respectively.

Constraint numbe(7) is an optional constraint thean be employed to place a
maximum orupperlimit on the number ofC-130s used on given day. Thigonstraint is
written: Xp< by cas0. Forexample, if amaximum of145 C-130s could be used for a
contingency, then sétp c.130= 145 and the constraint is: Xp145. Constraimiumbers
(8) and(9) areidentical inconcept andliffer in that (8)places arupperlimit on trucks
and (9) places an upper limit on 22-car trains.

Constraint numbe(10) is an optional constraint thean be employed to place a
minimum orlower limit on the number ofC-130s used on given day. Thisonstraint is
written: Xp= b c130. Forexample, ifone wanted to see thedfect of employing at
leastfifty C-130s on at least orday of a contingency, thesetb,. c.130 = 50 and the

constraintis: Xp = 50. Constrainhumbers(11) and (12) areidentical inconcept and
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differ in that (11)places a lowelimit on trucks and(12) places a lowelimit on 22-car
trains.

Constraint (13) is used to force a percentage of the transpomadgjoinements to
be allocated to C-13@irlift transporting cargand is called a “must airtonstraint for

cargo:
iat(lc)(X1C_ >0, Z b.; where a.<1
=1 t=1

A similar formulation can be used for passengers and medical evacuation patients as
shown by constraints (14) and (15). The right-hand-sides multiplies a desired fraction
with the total sum of daily requirements for either cargo, passengers, or medical
evacuation patients. The user sets the fraatiodepending upon what portion of the
requirement must be carried via C-130. The left hand side sums the number of C-130s for
a particular day times the capacity for the C-130. If the constraint is being used for cargo,
then the capacity@, is the cargo capacity for a C-130. If the constraint is being used for
passengers, then the passenger capacity is entered as the coeffigient a

Constraint (16) is used to specify an upper limit for an operating budget for C-130
aircraft. Since this is an Air Force sponsored thesis, it is assumed the user of this
formulation is not interested in the operating budgets of the other modes of

transportation. This constraint is formulated as follows:

(Ute rate)(hourly operating cogg) X{C t+ X1P t+ XIM t_<)(Budget)
t-1

A utilization rate (Ute rate) is entered as the number of hours a C-130 operates per day.

An hourly operating cost is entered as the number of dollars per hour. This allows the left
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hand side to represent the operating cost of all the C-130s being used by a given solution,

once the variables X1C_t, X1P_t, and X1M_t have been determined. A budget is entered

as the right-hand-side and represents the allowable budget for a contingeniaysf

that the user must operate under. As a sidenote, the value used for a peacetime planning

utilization rate for C-130 aircraft is 10 hours and the hourly cost of this vehicle is

$2,215/hour for Department of Defense uses (USAF AMS, 1992:204-6).

Minimize z = wXp + wXt + wXr

Subject To
a1c(X1C_t) + ape(X2C_t) + a(X3C_t) 2be; t=1,..., n; Cargo constraints
ap(X1P_t) + app)(X2P_t) + a@p(X3P_t) 2 by, t=1,..., n; Passenger constraints
aam(X1IM_t) + apm(X2M_t) + aem(X3M_t) =2 bm; t=1,.. ., n; Casualty constraints
X1C t+ X1P t+ X1IM_ t < Xp; t=1,...,n Maximum C-130s constraints
X2C t+ X2P t+ X2M t < Xt; t=1,...,n Maximum trucks constraints
X3C_t+ X3P_t + X3M_t < Xr; t=1,...,n; Maximum rail constraints
Xp < by c130 C-130 upper limit constraint
Xt < byt Trucks Truck upper limit constraint
Xr < by rail Rail upper limit constraint
Xp = Dby c130 C-130 lower limit constraint
Xt = byt Trucks Truck lower limit constraint
Xr = by Rail Rail lower limit constraint

iat(lc)(X1C_ = o Z b, ; where & a.< 1; C-130 “must air” cargo constraint (1
=1 t=1
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iat(lp)(X1P_ )= ap Z b,; 0<ap<1; C-130 “must air” passenger constraint 14)
=1 t=1

i A am (XIM_t)= am Z b,; 0<an<1; C-130 “must air” casualty constraint (15)
=1 t=1

(Ute rate)(hourly operating cogg) X{C t+ X1P t+ XIM t_<)(Budget) (16)
t-1

{X1C_t, X1P_t, X1IM_t, X2C_t, X2P_t, X2M_t, X3C._t, X3P_t, X3M_t,

Xp, Xt, Xr} O 0.

Figure 1ll-1 Spreadsheet Formulation

There are 9(n) + 3variables and #otal of 6(n) + 10possible constraints in the
formulation. Thdimit constraints; (7), (8), (9), (10), (1Bnd(12), can be omitted if the
userwishes toknow the unconstraineghinimum number of vehiclesequired to move a
givenamount of cargo, passengers, and aeromedical patienthe uger wants tput a
numerical limit onone or more of theehicles, therthe appropriatdimit constraints
would be employed ithe formulation. For example, ifthe user wanted tbmit the C-
130s to between 50 and 150, heshe wouldincludeconstraints (7and(10). The user
would setby c.130 = 150 in constraint (7and by c.130 = 50 in constraint (10)Various

combinations could be employed depending on the scenario desired by the user.

Likewise, the “Must Air” constraints and the Budget constraint can also be omitted if

they are not pertinant to the analysis at hand.

The nature of the problem obviously requires an integer answer. Excel requires
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an excessive amount of time to solve formulations with a large numbeariables
constrained to integer values. Consequently, for a rouglook, theinteger requirement
has been relaxed. The EXCELsolver isset up to us@onnegative real numbers as the
domain for the variables. The solver dialogue bdakes approximatelyone to two
minutes to displayand theproblem takes approximatelyfive minutes tosolve. The
problem could beecast into an integer formé#tat isacceptable for input into a more
powerful solver such as CPLEX Theexamplecase has beerast in MPS format for
this purpose.This example integer formulatiomas solved using CPLEX on a SPARC
10 workstation in 282.25 secondsing56,213 iterations and 20,000 nodes. MPS format
is a long established formfdr mainframe linear programming systearsd is therefore a
convenient format to use for this problem. (CPLEXL994:81) This format can be used
for manyothersolvers besides CPLEX although CPLEXI uses at extended version of
the standard MPS formathich maynot be accepted bylder linear programmingodes.
The extended version formulated for CPLEXvas recast into basicMPS formatwhich

is accepted by all linear programming codes.
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I\VV. Data Description and Analysis

IV.1. Excel Spreadsheet Formulation

The main motivation for the spreadsheet formulation was to allow the user to input
the required data in a worksheet that wasedfsexplanatory as possible. The worksheet
would link the cells containinthe inputdata to a worksheet used fmlvingthe problem.
This worksheet would be formatted in \@ay that was suitable for input into the
spreadsheet solver.  The next page showsxample ofthe input fields for the

spreadsheet formulation:
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Table IV-1 Spreadsheet Model Input Page

Thesis Model: C130/Rail/Truck
Korean Scenario soldier:
Operating Costs C-130 data Avg.wt(#)
| Total | Per hour C-130 ute rate: 10] Upper |200
C-130 4.00E+06 2215 speed: 270] Limit
productivity factor 0.40] 1000
cargo capacity (tons) 13] Lower
Pusan-DMZ: 210 avg. dist. 105 |ton-mile capacity: 13500] Limit
TPFDD Data Cycles (trips) / day 2 0
i |Type Tons or # Ton-miles # pax per chalk 90|
day 1 Cargo: 7060 741255 pax capacity per day 180
Pax: 4794 pax cap. ton-miles 19440
Medical: 1240 # patients per chalk 70
day 2 |Cargo: 8191 860005 Aeromed. cap./ day 140
Pax: 5782 Aeromed. cap. (tons) \ 15120
Medical: 1409 % cargo that must go by C-130 0
day 3 Cargo: 8177 858621 % passenger "must air" 0
Pax: 3838 % medevac "must air" 0
Medical: 1266 |
day 4 |Cargo: 8005 840552 Truck data Upper
Pax: 4745 Trips per day: 2| Limit
Medical: 1389 capacity (tons): 20| 1000
day 5 Cargo: 7386 775491 miles per trip: 90] Lower
Pax: 4164 Availability: 0.9] Limit
Medical: 1527 ton-mile capacity: 3240 0
day 6 |Cargo: 8762 920041 # pax per truck \ 45
Pax: 4676 daily pax capacity 90
Medical: 1464 # patients per truck \ 7.5
day 7 Cargo: 6072 637554 Medevac capacity 15|
Pax: 4287
Medical: 1607
day 8 |Cargo: 6562 688998 Rail data Upper
Pax: 4936 (1 train = 22 flatcars) Limit
Medical: 1487 Trips per day: 2| 1000
day 9 Cargo: 5838 613014 capacity (tons) 1210] Lower
Pax: 5290 miles per trip: 100] Limit
Medical: 1472 ute rate 0.75 0
day 10 |Cargo: 8060 846263 ton-mile capacity 181500
Pax: 4539 (1 train = 22 passcar)
Medical: 1637 Trips per day: 2
day 11 Cargo: 7852 824506 pax capacity (count) 413
Pax: 5210 daily pax capacity 826
Medical: 1443 daily medevac cap. 200
day 12 |Cargo: 5796 608594 (1 train = 22 gondolas)
Pax: 5220 Trips per day: 2
Medical: 1491 capacity (tons) 1100
day 13 Cargo: 7154 751196 miles per trip 100
Pax: 3672 ute rate 0.75
Medical: 1622 ton-mile capacity 165000
day 14 |Cargo: 6168 647684 (1 train = 22 boxcars)
Pax: 4553 Trips per day: 2
Medical: 1605 capacity (tons) 1100
miles per trip 100
ute rate 1
ton-mile capacity 220000

The spreadsheet input page allothie user taobuild the linear program without

having tokeep track of thenodelstructure. The appropriatells from Table 1V-1 are
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linked inthe spreadsheet to the appropriate cell imtbdel formulation. Theells of the
model formulatiorare actuallyused to solveéhe problem and have been entered into the
EXCEL spreadsheet solver. It shouldrmed that TableV-1 only showsfourteen
days of input, while twenty days are used for the results provided in this chapter.

The inputdata listed inTable 1V-1 is notional. The requirements for this notional
scenario have beeset to about 4,600ersonnel per day, @rgoflow of approximately
7,000 tons peday, and dotal casualtyrate of around 1,400 peay. The inputiata was
createdusing randondraws from a normgbrobability distribution. Assuming Korean
scenario would require military effort commensurate to th@ulf War of 1990, the
averagedaily personnel requirement was ussethce approximately this number of
personnel were moved by intratheaglift in the Gulf War of 1990. Theasualtyrate is
from the author's memory of predictions made prior to the Gulf War of 1990 and from the
casualties one could expect if currently deployed forces in South Koreanoiglgbpress
the initial North Korean attack. The intratheater cargo requirement comes from a study of
Desert Storm intratheater cardjth which averaged about 7,000 tons mEy (USAF
AMS, 1992:430-1). Daily cargo requirements wergandomly drawn from anormal
probability distribution with a mean af,000 and a standamikeviation 0f15%. Daily
personnel requirements were randomly drawn from a normal probability distribution with a
mean 0f4,644 and a standadeviation 0f15%. Thefirst two weeks ofdaily casualties
were drawrfrom a uniform probability distribution with a low value 215 and aigh
value 0f1,643. Theremaining casualty figure®r days 15 to 20 came from a uniform

probability distribution with a low value of 275 and a high value of 371.  Theehicle
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capacities are reasonalslembers. Thelata under the celhbeled“C-130 Data”’comes
from the Air Mobility Command’s USAF Air Mobility School Learning Guide and Air
Force Pamphlet 76-2 “Airlift Planning Factors.” The capacity

of a C-130 is figuredusing an aircraft utilizatiorrate, aircraft planning speed, a
productivity factor, and acargocapacity accepted agpanning figure. These factors are
used for dton-mile” capacity based othe common use of this performance measure in
airlift capability calculation§USAF AMS, 1992:403-1). Straight tons coaldo be used,
however, a ton-mile calculation allows utilizatioates and productivity factors to be
incorporated into the problem. tAn-mile figure alsamplicitly incorporates thaize of
the theater byising an “average travel distancelifif as a factor with the amount of
cargo to be moved. Avay to see this idea is timmagineone ton of cargaequiring
transportation. If the cargo must tmoved 200miles, then 200ton-milesare needed. If
the cargo must bmoved 400miles,then 400ton-milesare needed. As can be seen, the
range of an airlift aircraft can also be implicity represented by a capacity expressed in
ton-miles instead of just weight alone.

The utilization(UTE) rate is the total hours alpability per aircraft afleet of
airlift aircraft can produce in day expressed in terms &fimary Authorized Aircraft
(PAA). Forexample, if weexpect to need 4,000 hours play of fying time withthe C-
130fleet and we have a fleet d00 C-130s (PAA =00), then theJTE would be 10
hours. A UTE rate of 10 hours mormally used for notionaplanning, and it should be
noted that actual UTE rates are classified. A productivity factor is based on historical data

and measures whaart of the UTE rate iactually spent with a load in the back of the
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aircraft (USAF AMS, 1992:403-2). ImablelV-1, we use anumber 0f0.4 toindicate
that 40% of the UTE rate occurs with a load and the other 60% is an aircraft flying
empty. These numbers happen tothe recommended percentages usedb&acetime
planning of intratheaterairlift (USAF AMS, 1992:403-2). This would account for
positioning and depositioning legs. Normallge onload anaffload basesare not the
locations an aircraft launches fromrecovers to at the end ohaission. Before entering
numbers into these capaciglls, the analyst would bavell advised to make thorough
study of Air Force Pamphlet76-2, because use ofiaximum capabilitynumbers could
yield anoverly optimisticresult. Note thatvartime UTE ratesmust be determinefiiom
classifiedsources and entered hereoirler to conduct a propevartime analysis. The
model useshe figure from the celllabeled “ton-mile capacity” whiclncorporates the
factors listed above it. The passenger amtbmedical/medical capacitiese just the
upperlimit of passengers or patientgat would becarried in one C-13@g multiplied by
the expectechumber of such tripshe planner or analyséxpects thdleet to make on
average.

The truck capacities in Table 1V-1 come from amclassified briefing called
SUMMITS obtained from Major John Stievensfat Combat Command on 1Qctober
1995.

The rail capacitiescome from simulation studiesonducted by DiElizabeth N.
Abbe of the US Army Concepts Analysis Agency, Bethesda, MD for a mobility conference
held atthe Air Force Institute of Technology iNay, 1995. From a letter dated 14

November 1995, DrAbbe stated that apublishedreport of the mobility study is
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forthcoming in a few months. Themulation is called GDAS athe Global Deployment
Analysis System, which is ahigh resolution, multi-modal entity modefor the
comprehensive simulation of end-to-end force deployment. The capacities used for rail
in this studywere for 22-car train entities wheaé the cars of aentity were ofthe same
type. (Abbe, 1995:1)This studyadopted thesame conventiofor convenience. The user
may want to modify this approach to modeling rail capacities.

The right-hand-sides for the linear program anked to Table IV-1 in the
columns adjacent tthe column withthe“Day t” labels. These numbevgould be entered
by the userfrom a breakout of the TPFDD or based on expectedtainmentates
required for thecontingency under studyObviously,the most suspecatumbers in the
table are theells labeled “Medical.” The analyst would have to consigdirthe clasical
factors of warfare and the expectations ofl#slership before arriving #tese casualty

figures.
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The following is a chart of the daily cargo requirements as broken out from
the spreadsheet input page (This data is notional as previously described and is not

classified):

Daily Notional Ton-Mile Requirements

1000000
900000 |
800000 |
700000 ¥
600000 |
500000 |
400000 |
300000 +
200000 |
100000 |

0

Ton-Miles

1 3 5 7 9 11 13 15 17 19

Day

Figure IV-1 Daily Cargo Requirements (Notional Data)
Below is a chart of thelaily passenger requirements as brokan from the
spreadsheet input page. (Thiata isnotional as previously described and is not

classified):

Daily Notional Passenger Requirements
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5000 ¢
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2000 -

1000 -
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Figure IV-2 Daily Passenger Requirements (Notional Data)
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Figure 1V-3 is a chart of the daily medical evacuation requirements as broken out
from the spreadsheet input page. (This data is notional as described previously and is not

classified):

Daily Notional Medical Requirements

Number of Casualties

1 2 3 456 7 8 9 1011121314 151617 18 19 20

Day

Figure IV-3 Daily Medical Evacuation Requirements (Notional Data)

MPS input files were needed to enter the spreadshmetlel data into the
CPLEXO and LINDCOJ solvers. CPLEX]I was used toverify the solver used in
EXCELO. LINDOO was used to conduct the parametaicalysis inthe following
sections of this chapter.

Another datdile of interest was created to see #ifects of a peak in demand for
cargo. Figure 1V-4 shows a graph of this particuttata. Note that there is a surge of
demand occuring in week one. The peak demand was also taken from random draws on a

normal probability distribution with higher means used to affect the surge.
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Daily Notional Ton-Mile Requirements (Demand
Surge in Week One)
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Figure IV-4 Daily Cargo Requirements (Notional Data) - Surge Problem
IV.2. Spreadsheet Parametric Analysis

The LINDQOO solver was thenly application available tthe author that could
accomplish a parametrianalysis on a linearrpgram. A parametri@analysis was
accomplishedor both theobjective function coefficients arttie right-hand-sidealues.
First, the method used for conducting a parametnalysis onthe objective function
coefficients is addressed.

LINDOL essentially performs a parametri@nalysis on objective function
coefficients by optimizing different objective functions as specified wittenmodel. This
is analogous to choosing different objective functions of interest and runnindiadual
optimization for each objective function. By representing objective function with a
single variable, an objective function can be expressedcasstraint. Then theodel is

solved using a single variable the objective functionthat is also found within the
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constraint. Below is aexample ohow to formulate th@bjective functiorMinimize Z =
Xp + 2Xt + 5Xr with a single variable in the objective function: (LIND(O1991:44)

MIN Z

SUBJECT TO

Z-Xp-2Xt-5Xr=0
In order toinclude numerous objective functionsne would specify all the desired
objective functions irthe form of constraints and change thaiable inthe objective
function appropriately before solvinpe problem. For example,one could add the
following objective functions to the model above:

(1) Minimize Z = 2Xp + Xt + 11Xr

(2) Minimize Z = 4Xp + Xt + 15Xr

(3) Minimize Z = Xp + 10Xt + 20Xr
The functions (1), (2), and3) will be represented by theariables Y, X, and W
respectively and modeled as follows:

MIN Z

SUBJECT TO

Z-Xp-2Xt-5Xr=0

Y - 2Xp - Xt- 11Xr=0

X-4Xp - Xt-15Xr=0

W - Xp - 10Xt - 20Xr =0
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If the objective function(1) needed to be solved, the expression “MIN Z” would be
changed to read “MIN”. If the objective function(2) were to be used, thexpression
would then become “MIN X”. (LINDQI, 1991:44-45)

Before candidate objective functioase explicitly written into themodel asstated
above, a preliminary parametric analysis on objective function coefficients was
accomplished by varyinthe coefficients inthe EXCELL spreadsheet model. The results

are shown in Table V-2 below.

Table IV-2 Parametric Analysis of Objective Function

Coefficients of Objective Function| Max Number of vehicles on any giver
Variable: day for:

Xp Xt Xr C-130 Trucks Trains
1 1 1 0 0 18.78
1 1 5 42.19 0 4.75
1 1 10 42.19 0 4.74
1 1 15 105.89 0 0

1 1 20 105.89 0 0

5 1 5 0 0 18.78
5 1 10 10.06 62.30 4.95
5 1 15 10.06 62.30 4.95
5 1 20 10.06 62.30 4.95
5 1 25 10.06 62.30 4.95
5 1 30 10.46 62.07 4.89
5 1 35 10.46 62.07 4.89
5 1 40 10.46 62.07 4.89
5 1 45 10.46 62.07 4.89
5 1 50 10.46 62.07 4.89
5 1 55 10.46 62.07 4.89
5 1 60 10.46 335.91 0

As can be seen from Tall-2, the solution isensitive tahe choice obbjective

function coefficients. If all the decision variables are equally weighted, as in the first line
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of Table V-2, then themodel allocates everything t®2-car trains forthis notional
example. This makes sense whame considerghat 22-cartrains havethe largest
capacityper vehicleand theobjective is tominimize the number of vehiclesised. It has
also been the authoréxperience in working witthe USArmy thatthey would prefer to
move on rail vehicles witlother factorsbeing equal. Unfortunatelyther factors may
become paramount to theecision maker which makdbhe use ofrail more costly or
“expensive.” This situation isepresented bydiffering the weights of thedecision
variables inthe objective function. Notehat when the objective coefficientfor rail
becomessufficiently large, everything is allocated ©-130s. A look at sompossible
factors thatmust be captured by thebjective function coefficients will illustrate the
greatest challenge of the spreadsheet model.

Some factors that coulonpact the weight of the desion variablesare: 1)
locations ofrail terminals v. US Army assembdyeas vairlift terminals; 2) Speed of the
respective transportation; 3) thaticality of transportation requirements during various
portions of theplanning horizon; 4) Vulnerability of transportatiorroutes to semy
interdiction operations with respect to each mode of travel; 5) tactical considethsibns
cause a decision maker to prebere mode of travel over another; and 6) fteability of
a mode of travel, i.e., hoeasy is it tareroute avehicle to anew destination. This thesis
does notthoroughly investigate a systematic method d@termining anappropriate
method fordecidingthe weights of th@bjective function for this model. This would be

an area for future research.
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To conduct a parametric analysis of the right-hand-sides, LINPvides a
command called “PARA” that invokes a routine which varies a selected row right-hand-
side from the current value to a value input by the user. The output of this routine shows
the change in optimal objective value for each basis generated. Each basis is generated
within the range of right-hand-side values selected and the row selected after executing the
PARA command in LINDQ@QI. Each change in objective function value is accompanied
by a change in basis. In this manner, the user can automatically trace out the effect of
varying the right-hand-side over a wide range (LINDQ991:42-44).

Since the application envisioned in this thesis implies varying any number of right-
hand-side values simultaneously, the analysis in this section made use of a device called a
D-vector before using the PARA command in LINDOA constraint was written into
the model as D = 0. This would constitute the row whose right-hand-side would be varied
with the PARA command and adds an extra variable, D, to the problem. In addition, a D-
vector in the form of an added column to the problem was constructed. (LINDO
1991:44) It is important to note that the values entered in this column as coefficients of
the variable D are chosen arbitrarily. Their values are determined depending upon what

changes in right-hand-side values the user desires to study.

IV.3. Analysis of a Potential Scenario for Parametric Analysis

This analysisassumedthe decision maker had chosehe objective function
weights represented by the equatidfinimize Z =5Xp + Xt + 30Xr. Ascan be seen

from the weights othis equationrail transport wasix times as expensive asset as C-
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130 airlift and thirty times as expensive tasck transport. In turn, the C-130 mode was
five times as expensive as the truck mode.

Before the parametric analysis of the right-hand-sides is presented, solutions of
various realizations are presented. The first set of solutions shows the number of vehicles
assigned when the original data set (Figures IV-1, IV-2, and IV-3) is used. The next set
of solutions shows the number of vehicles assigned when the surge cargo data set in
Figure 1V-4 is used in place of the data in Figure IV-1. This set of solutions is labeled the
“Surge Problem.” The third set of solutions shows the number of vehicles assigned when
constraint (13) is introduced such that all cargo must be moved by airlift vehciles (see
Figure IlI-1). This set of solutions has the label “Must Air” for cargo. The fourth set of
solutions shows the number of vehicles assigned when the budget constraint (16) is

employed to restrict operating costs to $4 million.

Daily C-130 Usage

12.00

10.00 +
8.00
<

6.00 +

4.00 +

Number of C-130s

2.00 +

0.00

19

Day

Figure IV-5 Daily C-130s Used - Original Problem
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In FigurelV-5, the maximumnumber ofC-130s used oany given day i4.0.46,
i.e., Xp = 10.46. Note thdhis value is reached on days 2, 3, 4, 6, andriipandthat
the number of vehicles assigneé@creasedramaticallyafterday 14. To understanthis
solution better, it isnstructive to examine graph where the type of loads carried are
brokenout as inFigure IV-6. Notice that most of the C-13@wsrry casualties. From

FigurelV-3, it is seenthat themedicalevacuation requirements aldoop off dramatically

after day 14.

C-130 Usage by Type Load
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—aA— C-130s carrying med
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Number of C-130s Used

0.00

1 3 5 7 9 11 13 15 17 19
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Figure IV-6 C-130 Usage by Type Load
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Daily Truck Usage
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Figure IV-7 Daily Trucks Used - Original Problem

The maximumnumber oftrucks assigned on any given day 62.07, i.e., Xt =
62.07. As shown fronfigure IV-8, the majority of trucks areassigned to carry
passengers armhly ononedayare trucksassigned to carry ogo. Also note thatwhere

trucks carry casualties, less trucks are assigned to carry passengers.

Truck Usage by Load Type

70.00
60.00
50.00
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30.00 —e— Trucks carrying cargo
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10.00 —a&— Trucks carrying med

Number of Trucks Used
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1 3 5 7 9 11 13 15 17 19

Day

Figure IV-8 Truck Usage by Load Type
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Daily Train Usage
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Figure IV-9 Daily 22-Car Trains Used - Original Problem
The maximumnumber of22-car trains used fany given day .89, i.e., Xr =

4.89. InFigurelV-10, it is seen that most of the 22-car trains assigned to carrgargo
with only a small fraction carrying passengers on days 15, 17, and 19. Close to one 22-car
train is assigned tmedicalevacuation on eight daybut again,the major operation for

trains in this scenario is cargo transportation.

Train Usage by Load Type
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Figure IV-10 Train Usage by Load Type
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If the capacities andbjective function weightareexamined, it becomespparent
thatthis scenario will always givihe cargo tdrains andmedicalevacuatiormprimarily to
C-130s, while the trucks generally get assigned to carry passengers for this scenario’s
data set.

Even though the trains areuch more heavily weightedhan the othemodes of
transportation, and therefore maepensive, their relative capacityr cargo is sanuch
greater than the oth&ehiclesthat theobjective function isninimized by assigningargo
mainly to trains. However, in the case of passengers amtlical evacuation
transportation, theapacity of trains isot large enough relative twucks and C-130s to
overcome the weight assigned trains. Theretbegbjective function igninimized when
vehicles other than trains are used for passengers and casualties. The same type of relative
interaction occurs between trucks and C-180&nthe model assigns vehicles to carry
passengers and casualties. Here it is #e®nC-130s aréive times asostly to assign as
trucks, so theapacity of a C-130 would have to teatively large relative to &uck in
order to getassigned to providgansportation. The C-13@get assignednany medical
evacuatiormissionsbecause it hagver nine timesmoremedicalevacuation capacity than
a truck. When it comes t@assengers, however, the C-1#3 onlytwice thecapacity of
a truck and this cannot overcome the weighting of the objective function.

The solution setthatfollow this paragraplare notbrokenout bytypes of loads;
however, they follow the same general pattern as described aboverirniag difference
is due to the governing constraint introduced or the change indaputused.They are

listed to demonstrate effects \wdrying constraints or inputlata. Although not shown in
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this thesis, it must be pointenut thatall these solution sets have multipdptimal
solutions when it comes tbe portion of thglanninghorizon’s solution wherenaximum
vehicle assignmentre not made. Each solution to a problem will hdalie exactsame
valuefor Xp, Xt, and Xr, but they may differ as tathe number of vehicles assigned on

days where this maximum assignment is not made.
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SOLUTION USING DATA FOR CARGO DEMAND SURGE IN WEEK ONE:

Daily C-130 Usage (Ca rgo Demand Surge in Week
One)
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Figure IV-11 Daily C-130s Used - Surge Problem
Here, Xp = 11.48. This is a little larger than the value in the original problem.

Daily Truck Usage (Cargo Demand Surge in Week
One)
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Figure IV-12 Daily Trucks Used - Surge Problem
Xt = 47.64, a smaller maximum on trucks than in the original problem.
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Daily Train Usage (Cargo Demand Surge in Week
One)
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Figure IV-13 Daily Trains Used - Surge Problem
Xr = 8.82,which is considerabliarger than theriginal problem whenhe relative

capacity is considered. It is not surprising that the trains increased the most with an added
requirement forcargo incorporated into theroblem. Asnoted before in theriginal
problem, with the weights of thabjective function weareusing, there is a propensity for
themodel to assign virtuallgll the cargo to trains. Therefore, iarease ircargoshould

create an increase in trains assigned.
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SOLUTION USING 100% MUST AIR CONSTRAINT FOR CARGO:

Daily C-130 Usage (100% of Ca rgo moves by airlift)
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Figure IV-14 Daily C-130s Used - "Must Air" for Cargo
Xp = 61.94 inFigurelV-14. Ascan be seen above, the “Must” constraint for

cargodramatically increasethe number ofC-130s assigned. In this casiee objective
function weights givemost of themedical evacuationmissions toC-130s, but the
introduction of the “MusfAir” constraint alsaives virtuallyall of the cargomissions to
C-130s. Had the constraintdn formulated with amdividual constraint for each day, all
the cargo would go to C-130s, so theplusthat allowed trains toget a portion of the
cargo was due ttormulatingall variables intcone constraint, i.e., one constraint covers
all the periodamodeled inthe problem. While enough C-130s arassigned to carry the
weight of thecargodemand, some of thaaily cargo constraintstill had a surplus, i.e.,
they werenonbinding. The trains picked dipe surplus omlaysthat C-130glid not carry

all cargo.
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Daily Truck Usage (100% of cargo moves via airlift)
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Figure IV-15 Daily Trucks Used - "Must Air" for Cargo
Xt = 56.96 in Figure 1V-15.

Daily Train Usage (100% of ca rgo moves via airlift)
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Figure IV-16 Daily Trains Used - "Must Air" for Cargo
Xr =1.15 in Figure 1V-16.

53




SOLUTION FOR BUDGET CONSTRAINT OF $4 MILLION:

Daily C-130 Usage (B udget Constraint of $4 Million)
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Figure IV-17 Daily C-130s Used - Budget Constraint

Xp = 10.46 inFigurelV-17. This isthesame value athe original problem. Even
though $4million is lessthan the operating costs required for the solution tmtiggnal
problem, it washot sufficiently less tacause thenaximumC-130s assigned aamy given
day to become less thalme original problem. The totalnumber ofC-130 missionsover
the entire period, however, was in fact less than the original problem.

Anotherway to force C-130s to carrgll the cargo is to set the upplenit for
trucks and trains taero. Of course, C-130s wouddso get all the passengers and the

medical evacaution demands, as well.
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Daily Truck Usage (Budget Constraint of $4
Million)
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Figure IV-18 Daily Trucks Used - Budget Constraint
Xt =62.07 in Figure IV-18. This is the same as the original problem.

Daily Train Usage (Budget Constraint of $4 Million)
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Figure IV-19 Daily Trains Used - Budget Constraint
Xr =4.89 in Figure IV-19. This is the same as the original problem.
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SCENARIO OF THE PARAMETRIC ANALYSIS:

The analysis ofinterest in this demonstration was chosen totlmeffect on
required transportation assetsmbving varyingamounts of the load requiremeindm
thefirst week ofthe contingency tahe second week. A motivation fthis analysis was
the observation of londelays of allmodes of transpogoing to Bosnia-Herzogovina due
to weather. Inthis vein,the decision maker could have responded with question,
“What amount andnix of trangortation is required if the weather forecast suggests we
could loseour ability to move equipment and personnel tine first week of the
contingency,while maintainingthe same closure date?” Toonduct this particular
analysis,the D-vector or changeector was structured so that cargo, passenger, and
medicalevacuation requirements would be transferred fronfitieweek tothe second
week in proportion to the value of D. In other words, as the value of D went from zero
to one, a corresponding amount of requirements transfemedthe first week to the
second week. Foexample, a D value 0.51 indicatesthat 51% of the week one
requirements were transferred to weéef. The requirements for thetherdays of the

contingency remained the same.
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Parametric Analysis: Min 5Xp + 1Xt + 30Xr
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Figure IV-20 Graph: Parametric Analysis of a Potential Scenario

As one would expect, thabjective function increases e cargo, passenger, and

medical evacuation requirements ahifted from weelone to weekwo. Sincethe graph

in FigurelV-20 plots thevalue ofthe objective function, which iriurn is based on the

variablesXp, Xt, andXr, it increases as wedwo demands increase. This value is based

on themaximumnumber of vehiclesised omany given dayand theshift in demand from

week one to weelwo insuresthat weektwo hasthe highest demand of aryart of the
planninghorizon. Consequently, thariablesXp, Xt, and Xr will reach theimaximum

values in week two. This can be seen in the graph shown in Figure 1V-21 below.
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Parametric Analysis: Vehicles Broken Out
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Figure IV-21 Parametric Analysis for a Potential Scenario (Objective removed)

The maximum number of C-130s (Xp), Trucks(Xt), and 22-car traingXr)
increases as the amount of week demand is shifted to weékwo. Howthis breaks out
at various points along the horizongdis isshown in FigurdV-22 and IV-23. Figure
IV-22 shows theassignment of vehicles wh&©% of thedemand is shifted from week
one to weekiwo. Figure IV-23 shows theassignment of vehicles whe&t®0% of the

demand is shifted from week one to week two.
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Vehicles Used When 50% of Requirements Moved From
Week One to Week Two
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Figure IV-22 Transportation for a 50% Transfer - Week 1 to 2

In Figure IV-22, we see thenumber of vehicles assigned tweek one has

decreased when 50% of the demand is shifted to week two.
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Vehicles Used When 100% of Requirement is Moved From
Week One to Week Two
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Figure IV-23 Transportation for a 100% Transfer - Week 1 to 2
As expected, thaumber of vehicles assignedweek one is zero iRigure IV-23

since 100% of week one’slemand is moved to wedlwo. The maximumnumber of
vehicles assigned is approximatetjouble the number in the original problem.
Consequently, we can s#yat we require twice theumber of vehicles whetime demand
is shifted from weelone to weekwo, eventhough the total amount alemand remains
unchanged. Irorder to use thesame amount o¥ehicles aghe original problem, we

would have to extend the closure date by a weekadke up forthe week lost due to

weather.
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V. Conclusions and Recommendations

The spreadsheet model generated an approximate “ball-park” answer to the
guestion of hownanyC-130s are required forgaven movement requirementT he chief
advantage to this approach is sisplicity and the ease byhich the user carset the
model up and manipulatbe parameters for a parametaialysis. Tqoroperly evaluate
the answer generated, it wascessary to understatige limitations involved with this
particular formulation. As witlany mathematicahodel, reality wasot perfectly mapped
onto thesolution vector. Even the approach outlined By. Edward F.Yang rested on
simplifying assumptions, although it capturednsiderablymore detail in its solution
process.

One problem ofhe capaity approach irformulating this problem ighat aneven
capacity is applied in every instance. The reader will readily agree that not all loads will be
exactly25,000 pounds.Since some loads will be necessarily s thecapacitystated
in the problem, this formulationmay yield an unrealistically smatiumber of vehicles
required. An educated “fudgéactor could beapplied that was based empiricaldata
from historicalrecords of the average loatze. The user would then alter thember
provided by the spreadsherbdel accordingly. Theeader should understand, however,
that the average loadize is a random variable and will vaspmewhat forevery
deployment, exercise, and contingency. Only if $heneexact units at theame exact
force level were deployed in each instance would this number be a constant. Another way

to approach this problem would be to try a Monte Carlo

61



technique for the capaciti@svolved in this problem. Randodraws from gprobability
distribution could be made dhe capacities for eaalehicleand applied to a statistically
valid number of runs in the formulation in Figure llI-l. Again, the probability
distribution would have to be based on empirical data.

Another problem with this formulation is does notallow mixed loads. For
example, aC-130 might carry severalHighly Mobile Military Wheeled Vehicles
(HMMWYV), a 463L pallet with baggage, artdn passengersThis model wouldonly
allow for a full load of cargowhich would be quantified by weight, or fall load of
passengers. Combinations of different type loads are not represented.

The assumptions argimplifications ofthe spreadsheeatodelare recountetielow
to allow the reader a better understanding of what the model can and cannot do:

(1) Transportatiomequirements are aggregated iamly requirements. There
probably will be no distinct dividing point in a real contingencysince transportation
activities will occur continously twenty-fouthours aday andvehicle cycle times may
cause vehicle availability, and therefore capacity, to vary from day to day despdtiat c
fleet size. Whenvorking in reverse using this logic to figure a fleet size, this aggregation
of daily requirements assumed requiredvehicles movehat day’s requirementvithin
that day and nothing “spills over” into the next day.

(2) The model assigns vehicles in a manner that assummesentire vehicle
capacity is used for each vehicle, i.e., partial loadsareonsidered amongehiclesfor a

given day’s vehicle usage.
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(3) Mixed loadsare notconsidered.Vehicles are either dedicated to cargo
movement, passenger movement,naedical evacuation but n@ombinations between
these load types are considered.

(4) Routing of vehicles are not considered. The length or duration of routes could
impactthe number of vehicleshat must be scheduled against a particular transportation
requirement. This would depend on the individual routes of each vehicle assigned.

(5) Thecapacity of onload and offloddcilities are ignored. If dacility cannot
load quickly enough or if “parking” igoo limited, aqueue ofvehiclescould develop. If
the system used ahe facility for load handlingwas inadequate, similar result ensues.
Insufficient refuel and maintenance capability also can impact the throughput of a
facility. Thiswould represent a bottleneck in the network and could constedicles
scheduled as well as place an upper limit on the amountgd,qg@assengerandmedical
evacuation moved through that facility.

(6) The usemust be able tbreakout the transportation requirements irmaily
numbers for input into the model.

(7) The usemust know the capacities antllization rates of thevehiclesunder
study.

(8) Venhiclecrewscheduling is indirectly consideredtime utilization rate. If the
crew ratio is low enough, theumber of vehicleshat can be generated lgnited. This
will lower theutilization rate. The crew ratio idefined aghe totalnumber of crews

divided by the total number of vehicles.
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The approach that Dr. Edward ¥ang uses alleviates tlie first four limitations
and makeshe problemposed by (6and(7) alittle easier to handle. The mod&kt Dr.
Yang developed “reads in” the transportation requirements by directly using the data
from an appropriate TPFFD. (Yang, 1995:93)ll, the limitation posed by (5) was not
addressed by this model any others that are known to the author.slhibuld benoted
that limitation (5) requiressignificant additional modeling to be adequated#yptured and
also represents greatdeal of uncertainty. The models studiedthg authorgenerally
handled thisaspect of the networknplicitly by how othervariableswere defined. For
instance Dr. Yang handled this itwo ways: (1) by assurnng the data in the TPFDD
accounted forfacility throughput and2) by inserting a service time representing the
length of time a vehiclepent at dacility undergoing maimnance, fueling (ifequired),
and loading operations. (Yang, 1995:xv, 23, 67)

An improvement tdhe spreadsheeatodel would be t@dd aVisual Basic module
that converts thenodel formulation intdMPS format. The author spentcansiderable
amount of time marally converting the spreadsheetodel into MPS format used to
conduct the parameter analysis.

Additional constraints could badded to represent tH®ws of vehicles. This
would constitutancluding cycle times ithe model so that vehiclesre made availabe for
anothemission when finishedith a previous mission. This follovtke idea of a balance
equation, flow in = flow out For example, the following equation can be used

(Wing,1991:7-8):
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Z Z LiG,j k)| )E[+AV (Jk)=AV(j,k=-1)+ MIO(j,k)+ NEW( j, k)+
T k) T O

EII:II:I

Z ZLI(i,j,k -CT(j)l) Ojk
K=CT(}))

i i

LI (i, j, k, 1) is a variable representirthe lift by lift asset (j) for unit (i) andargo
type (I) on day (k);

AV(], k) is a variable representing a lift asset (j) available for assignment on
day (k);

CT()) is a variable representing the cycle time (in days) for a lift asset;

MJO(j, k) is a variable representing the initial inventory of lift assets;

NEW(j,k) is a variable representing the new lift required on day (k);

T(i, j, k) are theallowable combinations of i, j, and for startinglift missions
defined by ( (k= ALD(i) ) and (k< (RDD(i) - HCT(j) ) where ALD(i) isthe allowable
load date fownit (i); RDD(i) isthe requireddelivery date forunit (i); and HCT(j) is the
half cycle time for lift asset (j). (Wing, 1991:7-8)

If the user desires a more detaibathlysiswith less aggregation, a model such as
the one cited by Dr. Edward F. Yang (NET€Dpuld be obtained. A modglatseems to
fall aboutmidway between the spreadshembdel andthe NETOmodel isthe Mobility
Optimization Model(MOM), which was the source for the constraint listed in the
preceding paragraph.

The most necessary improvementttie spreadsheebodel of this research is to
develop an algorithm to assigppropriate objective functiotoefficients tothe decision

variables. The solutions have been shown to be sensitive to the choice of decision
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variable weights. If the necessary information could be factored into the decision

variable weightsthen theobjective function wouldealistically measure decision maker
preferences and the priority of one mode of travel versusttiexs. Then the solution

could be used tesaythat it is theoptimal mix of transportatiorbased upon the factors
included inthe objective function coefficients. This would téHe decision maker the
necessary trade-off betweene mode of transportation and anothdihis is a crucial
aspect of conducting intratheatairlift analysis. There exist competing modes of
transportation thatan carry thenecessary units and their personnel and equipmiénn

the Korean scenario, so each mode must be considered in turn when justifying the required

fleet size for C-130 airlift assets.
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VI.  APPENDIX A: Summary of Network Optimization
Dissertation

The two major problems with an optimization approach daolving the type
problem posed bythis thesisare 1) complexity and 2) modeling accuracy.(Yang,
1995:14) Anexample ofthe complexity issue ighe traveling salesman problefsee
Chapter Il). This problem looselfalls under theneading of a combinatorial optimization
problem. If such a problem haxanycities to visit, it would be impractical texplicitly
enumerateall of the possible combinations and evienplicit enumeration with techniques
such as “pbranch and bound” would be computationally expensker this reason,
heuristic methodswhich quickly lead to &good” solution (butnot necessarily optimal)
are often used. (Winston, 1994:519-527) Tadeling accuracy problemasalluded
to previously wherthe limitations of the spreadsheenhodel were explained. Theeal
world is inherently complex andoossesses factorghich are nonlinear and are
characterized by varying degrees of uncertainty. (Yang, 1995:14) Notwithstanding
these limitations, recent breakthroughs in optimization techniques have nliadar
programming more broadlhapplicable, especially inthe areas ofMixed Integer
Programming and computational aspects. (Yang, 1995:15)

The optimization technique explored in this appendix is based tingowork of
Dr. Edward F.Yang's dissertation completed in August 1995. Hes&entially modeling
the airlift network by specifying every possibleoute that amircraft couldtake and

choosing the optimal set of routes. Instead of enumerating each possible route before
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optimizing the model, theoutes arepicked by passing a series fe@asibility tests that
check forroute feasibility, allowable pick umnd delivery times,and loadcompabibility
with the transportatiorvehicle. To accomplish thighe first task is to transform an
operations network into asptimizationnetwork. The operations network consists of all
the relevantdatasuch as air bases, awutes, onloadpffloads, cargoes, transportation
vehicles, scenario, movement requiremeotiserlogisticsfactors, etc. Theptimization
network is alabeled digraph suitabléor use in mathematical programming. (Yang,
1995:19) Tobuild the optimizationnetwork, thedigraph topology must bbuilt and
labels must beomputed. The topology consists of nodes in the netthatkcorrespond
to customers requiring onload and offload. Tdi®lsconsist of information such as the
cost of an arc between nodes, the required delivery or pickup time for a cargo load, and all
of the physical nodes that make up the arc. (Yang, 1995:17-21)

The optimizationnetwork is represented by the notation, G(YY, The symbol
“N” refers to the nodes or locations (air bataminal, etc.) in the networkand the
symbol ‘A" refers to the arcs aoutesbetween the nodes in the network. There are four
types of nodes in “N”. Theymbol“S” represents starting nodes or origination points for
a givenset ofvehicles. The symbol “P” represents pickup or onload nodes, sigmbol
“P™ representsdelivery or offloadnodes and thesymbol “T” representsending or
termination nodes. An arc betwetwmo sets oinodes is represented by tegmbol “Xx”,
i.e., the arcs between the pickup nodes andiélieery nodes issymbolized by “P x P”.

A complete digraph is formed by R P. Only S arcs go from S td Bnd only T arcs
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go from Pto T. The symbol “P” represents all the pickup and delivery nodes, i.e.; P =P

X P. Inlike manner, N =81 POT andA=SxPOP xPOT. (Yang, 1995:19)

Figure VI-1 The Optimization Network (Yang, 1995:22)

Figure VI-1 shows apictorial representation of a generic optimizatimetwork,
G(N, A). Within the pickup nodes, Pand thedelivery nodes, P there are a total of
customergor requirements) indexed ly A pickup location of a customeiis associated
with a nodea and the respective delivery location is associated with ameideThe node
i can also be designated by thanbol “+i” and the noden+i can be designhated with the
symbol “i” as in FigureVI-1. The starting node islesignated as node 0 and the

termination node is designated by node 2n+1, i.e., S = {0} and T = {2n+1}. Therefore,

N={0,1,...,n+l,...,2n, 2n+Bnd the nodset P = PO P is made up of the
pickup node set such that®{1, 2, . . ., n} and the delivery node set such that
P ={n+l,n+2,...,2n}. (Yang, 1995:21-22)
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The remaining labeling information idound from load information,vehicle
information, andvehicle capacity information. Austomeri will demandhat d. units be

moved from node to noden+i. A pickup time window can be establisHed nodei and
is denoted by [ahk], where ais the earliestime a load can be picked up andidbthe
latesttime a load can be pickag. Similarly, a delivery timavindow is described by the
notation [&+, b.+]. The window [g, ly] is thetime windowfor the vehicle’sdeparture
from the departure base, node S, ang.{ab:n.1] is the time windowfor the vehicle’s
arrival back at the recovery base, node T. The setlotles made available to move the
load requirements is represented by “V” where V = { 1, 2, |V|}, Thesevehicles are
indexed bythe symbol v”. The symbol D represents theapacity of eachvehicle.
(Yang, 1995:21-22)

The problem is modeled adasic vehiclegouting problem(VRP). This approach
uses the Set-Partition Model to formulate the VRP. Congdéne set ofall feasible

routesr, and letd; be a binary coefficient such that:

_ [0 node i is not on route r

O = SL . Let ¢ be theoptimal cost of router andx, a
. nodeiis on route r

. . [0: route r is not picked . .
binary variable such that = o in the optimal solution.
%L: route r is picked

The problem is then formulated as in Figure VI-2.
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minimize § ¢ x
2

subject to Zéirxr =1 (iOW0})
rQ

x 0{1,0} (r 0Q)

Figure VI-2 General Set-Partition Model (Yang, 1995:51)

In this manner, each column cantheught of as onpossiblerouteand eachrow can be
thought of as associatedth a vertex or nodexcludingthe node of origination, 0. The
symbol“V” represents theset of vertexes ifigure 1X-2 and is equivalent tthe symbol
“N” mentioned earlier. Elsewhere, it will represdhie set ofvehicles as described
previously. (Yang, 1995:51)

With some minor adjustmente set-partitiorformulation in Figure VI-1 can be
recast for the digrapthat wasdefined asG(N, A). The column coefficients are

represented by the symbd,™and are defined asd, = [&;]wa, Where

[0: if node i is not on route,

: . iOP .
%L: if node i is on routep,

r =

The symbol " represents a &sibleroute in G(N,A). It is a non-cyclicpath that
originates from S and terminates atwhile satisfying pairingconstraints, precedence
constraints, capacity constraints, aimde windowconstraints. (Yang, 1995:66) If we

define x as a binary route flow variable such that:

= (1 if the feasible router goes directly fromi to | i) 0A
" E) if the feasible route r does not go directly from i to | ']
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then we can defing, with the formulation in Figure VI-4 (Yang, 1995:67)::

X; ~ Z Xjni =0, iU =4 (pairing constraints)
JUN JUN
T+Hs+ i< Thai, iOP (precedence constraints)

X, =10 T+s+} <T, | jOP 0
0 : :
RT. %, =10 Ty+t,< T, jOP 0 (time progression)
X1 =10 TH§+100< Ty 1 0P
a<T<b, iOPO
a,<T,<h E (time window constraints)

a'2n+1 S T2n+l S b2n+ lB

x, =10 Y+d =Y, iOR jOPO

x, =10 Y-d =Y, i0DP jO P% (load progression)
X =10 Y,+d =Y, jOP %

<Y<D, iOF (capacity constraints)

Figure VI-3 Feasible Route Formulation (Yang, 1995:67)

Now we can redefinethe variable x found in FigureVI-2 based upon the
formulation of a feasible route in Figure VI-3. Then

[D: if the feasible routg, is not selected in the solution

X; = ri{r] pr 0 Q
"~ H: if the feasible route, is selected in the solution e 00y

In this version ofthe set-partitioning formulation, th@lumn coefficientsd, , and the
costcoefficients, ¢, are notexplicitly available. Theynust be obtained bifnding the
corresponding feasible routes through themulation in FigureVI-3. (Yang, 1995:68)

The column coefficientare found by aolumn generating algorithitihat is constructed
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from a shortest path problem with constraints. It basically solves the formulation in Figure

VI-3. (Yang, 1995:72) Theostcoefficientsare found by the equation © G % -

(i,1)0A
The manner in which we defing determines the nature of the probleFRor the purposes
of this study, this component tie costcoefficient wll be defined in a waythat causes
the objective function to minimize the number of vehicles used. In this case,

O, +Kifi=0

Cj = 20 where some constant K is added for the portion ofdhée, x; .
if i

i
In a similar mannethat was used for the spreadshmetel, alimiting constraint can be
added to thanodel to ensur¢he totalnumber of vehiclesisedwill not exceed some

number, m. The constraint woudlnbk like Z X, <m. As one cammagine,the number
rtQ

of feasible routesand hence, theumber of column$; in |Q| can be very large. This is
why a columrgeneration method is preferable than enumeratfirtge feasible routes and
solving the set-partitioning problem to integer optimality. (Yang, 1995:68)

Dr. Yang used anodified version ofthe Bellman-Ford Dynamic Programming
Algorithm to solve a Constrained Skest PathProblem. This ighe algorithm which
generates theolumnsfor the set-partitioningormulation described abovg,. This is a
methodwhich expands from node to noddnile meeting a series déasibility tests that
check for the constraints in Figuv@-3. In order to understand the tests in &tgorithm,

a few variables and parameters must be defined:

pY(j):  theath route in all routes that start at S and erjdwath k arcs.

P¥(j): the set of all routes that start at S and end at j with k arcs, so that
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P“()) =pq ()
h(j):  the cost of routeX (j)
TX(j): the arrival time at j of routg (j)

Y.X(j): the vehicle load at node j along rogtg(j) .

Stagek is defined as atate inwhich any ofthe paths constructed #tis point have
exactlyk arcs from the optimization network G(N). As depicted in figuréX-4, nodei

is expanded from stadel to stagek to reach nodg Theroutep Ig‘l(i) andcost hL';‘l(i)

lead to node and node is expanded to nodewith an additionakost of G to get

pL(j) if certain feasibility tests are satisfied. (Yang, 1995:81)

hy (D) /Py ()

he (1) 1 pp (i)

Figure VI-4 Stage k-1to k (Yang, 1995:82)

The feasibility tests are as follows:

For pairing and precedence constraints
if j 0P and jO ps'(i), then theexpansion from i to j forp(j) is not

feasible;
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if j0P,and j-nd ps*(i), then the expansion fgr (j) is not feasible;
For time window constraints

T (i) =max{g, T, () +s +§}

if TX(j)>b then the expansion tof (j) is not feasible;

For capacity constraints:

(i) +d;, jOP*

YA() = _
() é(gk‘l(i)—dj, joOP”

[of

if Y*(j) > D, then the expansion o’ (j) is not feasible; (Yang, 1995:82)
Otherwise, the expansion from i to j is made @dj) is constructed as follows:

pa ()= pg () O {i}

P“())=P“() O pa(i)

hy (J)= hg7(i) + § (Yang, 1995:83)
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— fork=1, 2n+1 (for each stage k)

___ foreachnode PO T

— for each node [ 6" (J)

k=1/; k=17:
for eactf3 of route pg (1) DP()
Test Feasibility

k -
Store the new rouPe‘X (i)

nex

next

nexj
(free k-1 stage data)

next k

Figure VI-5 Constrained SPP Algorithm (Yang, 1995:83)

Preprocessing can be conducted to eliminate any potential infeasible or inferior paths as a
way to keep the number of stored paths as small as possible. For a specific node (except
for node T) all feasibl&-arc paths at stadeshould be stored. A present feasible path

could become infeasible at later stages. At node T, either the shortest path or the
shortest paths can be stored. When constructing a path aritlk, only the paths witt

1 arcs are involved. Paths with a different number of arcs do not need to be stored. Store

the paths wittk-1 arcs only. (Yang, 1995:84)
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